The thermister based temperature measurement scheme is widely applied for its low cost, strong stability and well flexibility. As the property between resistance and temperature is nonlinear, the practical application of thermister usually relies on the method of table look-up. Inevitably, that leads to the problems of poor versatility and large memory cost. Based on the analyses of resistance and temperature property, we propose an optimal linearization method of parameter design for NTC thermister interface circuit in this paper. The proposed approach is simple, but has a good linearity and high sensitivity. Test results are given to support the theoretical analyses and conclusions.
Introduction
Thermistor is a kind of sensitive element which is made of semiconductor materials. Its advantages include small volume, high sensitivity, fast reaction-rate, high resolution and so on [1, 2] . The temperature coefficient is negative for NTC thermistor. It can convert the change of temperature directly into that of electricity [3, 4] . Consequently, the NTC thermistor is widely used in modern industry for temperature measurement and in the compensation circuit of temperature [5, 6] .
But because of the nonlinear nature of NTC thermistor, the interface circuit should be linearly compensated according to actual needs in the design process of circuit. Then we can acquire the signal transfer characteristic of optimal linearization. In this paper, we propose an optimal linearization method of parameter design for NTC thermister interface circuit basing on the theoretical analyses of resistance and temperature property. This simple approach has a good linearity and high sensitivity. Test results are given to support the theoretical analyses and conclusions.
The Characteristic Analysis of NTC Thermistor
The relationship between resistance and temperature of the NTC thermistor can be described by the following equation:
Where 0 T R expresses the resistance when the thermistor's temperature is 0 T and exp represents the exponential function. 0 T is also referred to as the temperature of balance point. According to the definition of temperature coefficient of resistance, it is easy to get that:
Eq. 2 shows that the temperature coefficient t  of NTC thermistor is negative and it decreases with the square of temperature T. That is to say, the period of low temperature is more sensitive than that of the high temperature. Therefore, the NTC thermistor is often used in the measurement of low temperature. 
Generally, the value of B is between 1500K and 6000K for the NTC thermistor.
The Optimization of Parameter Design for NTC Thermister Interface Circuit
The key problem is selecting a best fitting line in order to achieve the optimal linearization of interface conversion circuit for NTC thermistor. The analyses of optimal linearization are mainly based on the circuit equations. According to the practical operating conditions and requirements, we can choose a balance point temperature and then use Taylor series to analyze the circuit equations. In order to obtain a larger range of linear outputs, we generally choose the midpoint of the input temperature range to correspond the midpoint of the output range. Let the quadratic term coefficient of Taylor series be zero, thus we can acquire the best parameters under the optimal linearization. Fig. 1 is a typical voltage divider circuit for thermistor. Its circuit equation can be described by: Eq.4 demonstrates that the relationship between output voltage ) (T U and temperature T is nonlinear. Therefore, we need to linearize the circuit and design the best circuit parameters to obtain the linear output.
In the characteristic equation of thermistor (i.e. Eq. 1), let
. Then we can get the normalized characteristic equation by:
In the circuit equation (i.e. Eq. 4), let
. Then the normalized circuit equation can be expressed as:
Assuming the temperature of balance point is T0, namely, 1  x . If the normalized circuit equation is expanded with Taylor series at the balance point, that is
And the expansion coefficients can be gained as:
Ignoring the nonlinear errors which are larger than the third order, we can describe the linear fitting equation as:
The maximum relative linear error can be described as:
This method can be used to determine the value of  according to the actual needs of temperature precision. Selecting the appropriate thermistor can determine the optimal linearization parameters for gain compensation circuit.
Experiment and Analysis
Suppose we use the MF51 beaded glass-sealed semiconductor thermistor, and its material constant B is about 3620.17 K. The input voltage E is equal to 3V in Fig. 1 Results of the fitted output voltage L U and its theoretical value U as well as the nonlinear error ΔU during 0-40 and 60-100 are listed in Table 1 where RT can be obtained from the sensor manual and the theoretical output voltage U can be calculated by Eq. 4.
Results of the fitted output voltage L U and its theoretical value U can be compared more directly by Fig. 2 . Moreover, the nonlinear errors during 0-40 and 60-100 are presented in Fig. 3 . 3 shows that the nonlinear errors are significantly reduced when temperatures are close to the balance point temperature T0. Additionally, we can seen the nonlinear errors of 0-40 are smaller than those of 60-100 . This demonstrates that the higher the temperature range is, the smaller the nonlinear error is. That is to say, our proposed optimal linearization parameter design method is more suitable to the higher temperature range in NTC thermister interface circuit.
Summary
In this paper, we introduce an optimal linearization method for the NTC thermistor interface conversion circuit. We carry out the linearization analysis and design by setting the quadratic term coefficient of Taylor series to be zero for circuit equations in the balance point. In the practical application, the following points are worth noting: 1) We should select the appropriate interface circuit, according to the practical application conditions and requirements.
2) The choice of balance point temperature generally corresponds to the midpoint of the input temperature range.
3) The nonlinear error still exists for our proposed method. And the nonlinear error becomes larger, if the temperature is more far from the balance point. In the practical application, we can adopt the method of taking multiple measuring points and approaching with multiple sections of lines.
